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INTRODUCTION
of birth defects were included: anotia/microtia, esophageal atresia, small intestinal atresia, craniosynostosis, diaphragmatic hernia, omphalocele, and gastroschisis. We excluded infants with a maternal history of type 1 or type 2 diabetes diagnosed before pregnancy since pre-existing diabetes is associated with an increased risk of a variety of birth defects (Nielsen et al.,2005; Correa et al.,2008) . Participation rates were 72% and 67% for eligible case and control mothers, respectively.
Case inclusion criteria have been described by Yoon et al. (2001) . Clinical geneticists reviewed and classified each case infant as isolated or multiple birth defects (two or more major unrelated defects; Rasmussen et al.,2003) . Microtia included dysplastic ear pinna and stenosis or atresia of the external auditory canal. Infants with intestinal atresia limited to the duodenum were not counted as small intestinal atresias for this analysis; only ileal, jejunal, and multiple intestinal atresias or stenoses were included. Infants with esophageal or small intestinal atresia that occurred as a component of VATER or VACTERL association of defects were included in the study and were classified as having multiple defects. To reduce etiologic heterogeneity within case groups, we excluded infants classified as having a complex sequence (a group of defects that are believed to be pathogenetically related, but for which the primary defect is not apparent), for example, infants with a diaphragmatic hernia identified as part of Pentalogy of Cantrell or with a limb-body wall defect.
A computer-assisted telephone interview was used to collect information from case and control mothers, requesting information about demographic characteristics, pregnancy history, and various maternal conditions and exposures before and during pregnancy. The interviews were conducted by trained interviewers between 6 weeks and 24 months after the EDD.
The interview questions and method of calculating caffeine intake have been described previously (Browne et al.,2007) . Briefly, mothers were asked about their usual intake of coffee, tea, soda, and chocolate during the year before they became pregnant. Frequency categories ranged from none or less than once per month to six or more times per day.
Caffeine exposure was estimated at 100 mg for a cup of coffee, 37 mg for a cup of tea (Bracken et al.,2002) , 10 mg per ounce of chocolate, and according to the manufacturer or published caffeine contents for soda and other soft drinks by brand and variety. Dietary caffeine intake was analyzed as five categories: <10 mg/day, 10 to <100 mg/day, 100 to <200 mg/day, 200 to <300 mg/day, and 300 or more mg/day; representing approximately the daily caffeine equivalent of less than one cup per day, one cup, two cups, and three or more cups of coffee, respectively.
Exposure to caffeine in medications was evaluated separately from caffeine in beverages and chocolate. A medication dictionary developed by the Slone Epidemiology Center at Boston University was used to identify medications with caffeine as a pharmacologic component. Medication data were collected for the period three months before pregnancy through delivery. Use of caffeine-containing medications during the periconceptional period (one month before pregnancy through the third month of pregnancy) was examined. The amount of caffeine per dose based on the usual dose for each medication was determined from online product information and was categorized as <100 mg or ≥100 mg. The dose estimates do not account for the actual number of doses taken per day, for which detailed information was not available. Case and control mothers for whom information on timing of medication use was missing were excluded from analysis of caffeine-containing medications.
Covariates included the following maternal characteristics: age at delivery (<20, 20-24, 25-29, 30-34, or 35+) , parity (primiparous, multiparous), race/ethnicity (white non-Hispanic, black non-Hispanic, Hispanic, other), education (less than high school, high school, college), pre-pregnancy body mass index (weight in kg/height in m 2 ; <18.5, 18.5-<25, 25-<30, or 30+), the mother's state of residence at the time of the infant's birth, and dichotomous variables for: gestational diabetes, use of fertility medications or procedures, fever during the first trimester, and nausea or vomiting during month one of the index pregnancy. We also considered folic acid-containing vitamin supplement use (any use during one month before pregnancy through month one, any during month two or three, later in pregnancy, or none) and periconceptional exposure to the following: cigarette smoking (yes, no), maximum number of alcoholic drinks on one occasion (none, 1-3, or 4+), and use of vasoconstrictive medications (yes, no; including decongestants, ergot anti-migraine medications, amphetamines, and cocaine). The influence of family history of a defect of the same organ system and multiple gestation pregnancies were assessed by conducting additional analyses that excluded case and control infants with these characteristics.
Bivariate and stratified analyses were conducted to assess potential confounding and effect modification. Factors evaluated as effect modifiers based on a priori expectations were maternal smoking; use of alcohol, vasoconstrictive medications, folic acid-containing vitamin supplements; and infant sex. The regression coefficients (Wald test; p < 0.05) of caffeine-effect modifier cross-product terms were examined to determine whether confounder selection should be conducted in models stratified by effect modifiers. Additive interaction between maternal dietary caffeine as a continuous variable and selected effect modifiers was assessed by calculation of the relative excess risk due to interaction (RERI), also known as the interaction contrast ratio (ICR), described by Rothman (1986) and adapted for use with a continuous variable by Knol et al. (2007) . Total caffeine values were divided by 300 to evaluate the effect of caffeine per 300 mg increase; 95% CIs were calculated. Relative excess risk due to interaction values greater than zero suggest that combined exposure results in a greater than additive effect, whereas values less than zero suggest a less than additive effect. To assess effect modification of the association between maternal dietary caffeine intake and gastroschisis, we compared results for multiple levels of maternal age in a stratified analysis.
Multiple logistic regression models were constructed to estimate adjusted odds ratios (aORs) and 95% CIs for the association between maternal exposure to caffeine and each type of birth defect, while controlling for confounding variables. To distinguish caffeine associations from associations that may be due to other components in caffeinated beverages, in addition to total dietary caffeine, we examined each caffeinated beverage (coffee, tea, and soda) separately (chocolate accounted for only a small proportion of dietary caffeine intake). Separate logistic regression models were fitted for each of the caffeine exposure variables (total caffeine, coffee, tea, soda, and caffeine-containing medications) paired with each type of birth defect. Starting with a full model including potential confounders identified in the bivariate analysis, variables were dropped using the change-in-estimate selection method with those causing a 10% or more change in an exposure estimate retained in the model. To streamline the analysis and presentation of results, three covariates remaining in the final models of many birth defect groups were included for all analyses: maternal age, race/ethnicity, and the mother's state of residence at the time of the infant's birth. Other covariates were included only in the analyses of birth defect groups for which they demonstrated confounding. Analyses using the same models were repeated separately for isolated birth defects and for multiple defects. Odds ratios are not presented for analyses with less than three exposed case infants. All analyses were performed using SAS software, version 9.1 (SAS Institute Inc.,2002).
Mothers of 3445 case infants with birth defect types evaluated in the present analysis (anotia/microtia, esophageal atresia, small intestinal atresia, craniosynostosis, diaphragmatic hernia, omphalocele, and gastroschisis) and 6,789 control infants with an EDD from 1997 through 2005 were interviewed for the NBDPS. After excluding infants missing maternal caffeinated beverage data (53 case infants, 98 control infants) and those with maternal history of type 1 or type 2 diabetes diagnosed prior to the index pregnancy (44 case infants, 39 control infants) or missing information on diabetes status (2 case infants, 10 control infants), 3,346 case infants and 6,642 control infants remained. The interval between the EDD and interview varied by outcome category, with average intervals ranging from 9.3 to 13.9 months (average = 11.0 months) among the birth defects included in the present analysis and 8.8 months for controls. Table 1 displays the distribution of selected characteristics of study mothers. Differences were observed between case infants and control infants or among the various types of birth defects for a number of maternal characteristics. There was a higher proportion of older mothers among infants with esophageal atresia, craniosynostosis, and omphalocele and a smaller proportion of infants with older mothers among infants with gastroschisis. As expected, mothers of infants with gastroschisis differed from mothers of controls and mothers of infants with other birth defects on a number of characteristics.
RESULTS

Jump to…
Page 2 of 7 Maternal caffeine intake and risk of selected birth defects in the national birth defects prevention ... 24/01/2011 http://onlinelibrary.wiley.com/doi/10.1002/bdra.20752/full
Overall, approximately 50% of caffeine intake was from coffee, 35% from soda, 12% from tea, and 3% from chocolate, with nearly identical proportions observed for case and control mothers (data not shown). Among mothers of both case infants and control infants, 31% reported an average of one serving or more per day of coffee and 18% reported an average of one serving or more per day of tea. A small difference, 43 versus 41%, was observed in the proportion reporting at least one serving per day of caffeine-containing soft drinks among case and control mothers, respectively. Among mothers of infants with gastroschisis, the proportion reporting at least one serving of caffeine-containing soft drinks per day was 50%. Caffeine consumption both in total milligrams of caffeine and by source of caffeine differed by maternal age. Among control mothers, 62% of mothers under age 20 years and 38% of mothers aged 40 years or more reported <100 mg caffeine/day (data not shown). Coffee consumption was more frequently reported by older mothers whereas soda consumption was more common among younger mothers (data not shown).
Elevated aORs ranging from 1.3 to 1.8 were observed for associations between dietary caffeine consumption and anotia/microtia, small intestinal atresia, craniosynostosis, omphalocele, and gastroschisis (Table 2) . Statistically significant associations were observed between both low (10-<100 mg/day) and moderate (200-<300 mg/day) total caffeine intake and small intestinal atresia and between high (300+ mg/day) dietary caffeine consumption and craniosynostosis. Consistent increases were generally not observed across increasing caffeine categories. Although the aOR for the association between high dietarycaffeine intake and gastroschisis was 1.26 (95% CI, 0.90-1.78), in analyses stratified by maternal age, the aORs for high dietary caffeine intake increased as maternal age increased. The aORs increased from 0.99 (0.66-1.48) for age <25 years to 1.93 (95% CI, 0.77-4.87) and 2.90 (95% CI, 0.86-9.79) for 25 to <30 years and 30+ years, respectively (data not shown). Women with pre-existing diabetes or missing information about dietary caffeine consumption were excluded from this analysis.
Numbers vary due to missing values.
During the period from one month pre-pregnancy through the third month of pregnancy. Yes = any use one month pre-pregnancy through the first month of pregnancy.
* † ‡ §
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In beverage-specific analyses (Table 2) , no dose-response relationship was evident for any birth defect type for any type of caffeinated beverage (i.e., coffee, tea, or soda). For coffee intake, statistically significant elevated aORs were observed for the associations between 3+ cups/day and anotia/microtia (aOR = 1.60; 95% CI, 1.07-2.41) and between 2 cups/day and small intestinal atresia (aOR = 1.62; 95% CI, 1.06-2.46). For soda consumption, a statistically significant aOR of 1.43 (95% CI, 1.04-1.98) was observed for the association between 3+ cups/day and esophageal atresia. Confounding by caffeine source was not present; models that contained exposure variables for all three caffeinated beverages in the same model produced results very similar to those presented in Table 2 .
The analysis of caffeine-containing medications was based on relatively small numbers of exposed case infants. Elevated aORs ranging from 1.6 to 2.6 were observed for periconceptional use of medications with 100+ mg caffeine/dose and anotia/microtia, esophageal atresia, craniosynostosis, diaphragmatic hernia, omphalocele, and gastroschisis. All odds ratios are adjusted for maternal age, race, and state of residence at time of infant's birth; medication estimates are also adjusted for intake of coffee, tea, and soda.
Adjusted for maternal fertility treatment.
Adjusted for maternal alcohol consumption and smoking status.
Adjusted for maternal alcohol consumption and body mass index.
Adjusted for maternal smoking status and body mass index.
Milligrams of caffeine per day from soft drinks were converted into frequencies based on the following amounts per serving: <34 mg = <1 serving, 34-<102 mg = 1-2 servings, 102+ mg = 3+ servings.
Caffeine per dose based on usual dose for each medication (does not account for actual number of doses taken per day).
aOR, adjusted odds ratio; CI, confidence interval.
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The estimates for anotia/microtia and esophageal atresia were statistically significant (aOR, 2.60; 95% CI, 1.00-6.73 and aOR, 2.33; 95% CI, 1.03-5.28, respectively).
When total dietary caffeine consumption was cross-classified by potential effect modifiers, there was no strong evidence of additive interaction and none of the interaction contrast ratios were statistically significant (data not shown). Table 3 presents estimates cross-classified by periconceptional smoking status and folic acid use for birth defect types showing some evidence of an association in the main analysis. As mentioned, patterns suggesting additive interaction were not observed.
When separate analyses of total dietary caffeine were conducted for infants with isolated defects, risk estimates were similar to those for all case infants with only a few exceptions.
Adjusted ORs were closer to the null for the association between dietary caffeine and isolated omphalocele and there was no longer a statistically significant aOR for soda and esophageal atresia. The risk estimates for isolated defects are provided in the supplementary material at: http://www.interscience.wiley.com/.../. Statistically significant estimates were observed for the corresponding associations among infants with multiple defects (data not shown). The aORs were 1.77 (95% CI, 1.18-2.65) for the association between the highest category of caffeinated soda and esophageal atresia and 2.70 (95% CI, 1.18-6.20) for the association between 200 to <300 mg caffeine/day and omphalocele. For some birth defect types, there were too few infants with multiple defects to permit calculation of estimates for all exposure categories.
Total dietary caffeine, coffee, tea, soda, and caffeine-containing medication analyses were repeated excluding multiple gestations and infants with family history of a first-degree relative with the same defect (among both case infants and control infants for each birth defect in the study; data not shown). Results were similar to those for the main analysis.
A total of 112 risk estimates were generated for the main analysis of dietary caffeine, coffee, tea, soda, and caffeine-containing medications. Approximately six statistically significant associations would be expected by chance alone based on a 5% type I error rate and we observed seven; all seven were increased aORs. N's for analyses adjusted for maternal age, race, and state of residence at time of infant's birth; N's for analyses with additional covariates may be slightly lower due to missing values for those variables.
All odds ratios are adjusted for maternal age, race, and state of residence at time of infant's birth; medication estimates are also adjusted for intake of coffee, tea, and soda.
Nonsmokers reporting little or no caffeine intake and those reporting use of folic acid-containing supplements during the month before pregnancy or the first pregnancy month and little or no caffeine intake comprise the referent group for all other strata cross-classified by exposure to caffeine and smoking/folic acid-containing supplement use, respectively.
aOR, adjusted odds ratio, CI, 95% confidence interval.
Overall, we did not find evidence of an association between maternal dietary caffeine consumption and the birth defects included in this study. No dose-response relation was apparent for any birth defect studied. Small statistically significant elevations in effect estimates were observed for total caffeine or specific types of caffeinated beverages and anotia/microtia, esophageal atresia, small intestinal atresia, and craniosynostosis. The small numbers and less precise estimates for some strata of high dietary caffeine intake could have contributed to the lack of dose-response we observed. Alternatively, some of the positive findings may have been due to chance. Periconceptional use of caffeine-containing medications was infrequent and estimates were imprecise.
Our assessment of caffeine exposure allowed us to assess birth defect risk estimates across low to high levels of caffeine intake. Some caffeinated beverages contain other components that may have health effects, including sugar, flavonoids, and other antioxidants, complicating evaluation of risks due to caffeine. We were able to examine different
DISCUSSION
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Our findings should be considered in light of the limitations and strengths of this study. The results of our study may have been influenced by misclassification of caffeine exposure estimated through maternal self-reporting. Variations in portion size and in the caffeine content of caffeinated beverages, and changes in consumption patterns during pregnancy may have contributed to exposure misclassification. In the NBDPS, women are asked to report their usual consumption of caffeinated beverages and chocolate during the year prior to pregnancy to capture intake very early in pregnancy, before pregnancy recognition and pregnancy-related aversions or nausea. Study mothers were also asked whether they drank more, the same, less, or no caffeinated coffee, tea, and soda when they were pregnant. Among mothers reporting a pre-pregnancy average intake of one or more servings per day, 16%, 35%, and 25% reported the same or more caffeinated coffee, tea, and soda, respectively, during pregnancy. Thus, the majority of "regular" drinkers of caffeinated beverages reduced their intake during pregnancy. Data were not collected on the timing of any changes in intake; however, 51% of those reporting regular intake of at least one caffeinated beverage did not find out that they were pregnant until the second month of pregnancy or later. For some women, the change probably occurred after the beginning of organogenesis given that the onset of pregnancy symptoms including aversions and nausea is about six to seven weeks after the last menstrual period (Lacroix et al.,2000; Bayley et al.,2002) . The higher proportion of mothers reporting less or no coffee consumption during pregnancy is consistent with reports that show that pregnancy-related taste aversion to coffee is common (Lawson et al.,2002) . Establishing exposure using pre-pregnancy caffeine intake is most appropriate for birth defects for which the critical period of development begins within the first month postconception. However, the critical period for some of the birth defects in this study, such as craniosynostosis may be later. In addition, some women who planned their pregnancies or who experienced very early pregnancy-related symptoms may have changed their consumption before the start of organogenesis.
Caffeine-containing energy drinks started to gain popularity during the last several years of the study period. The NBDPS interview asks about "sodas or soft drinks" but does not ask about caffeine-containing energy drinks in particular. Intake of caffeine-containing energy drinks may not have been completely captured, contributing to misclassification of exposure.
Compared to our assessment of dietary caffeine intake, we had better information on timing of use for caffeine-containing medications and observed aORs of 1.6 to 2.6 between periconceptional use of medications containing ≥100 mg per dose and most of the birth defects examined. However, associations between medication use and birth defects could reflect the indication for medication use or other medications taken concurrently, which we did not explore in this study.
Since extended time-to-interview could contribute to errors in reporting exposures, we conducted an analysis restricted to interviews within 12 months of the subject's EDD. Risk estimates were similar to those for the main analysis, suggesting that intervals of 13 to 24 months between the EDD and the interview did not tend to affect our findings.
Although our study included over 200 case infants for each type of birth defect, there were small numbers in some strata of high dietary caffeine intake, for analysis of caffeinecontaining medications, and for analysis of additive interaction. Given the number of birth defects examined and the number of caffeine measures and levels of exposure analyzed, some of the positive associations observed may be chance findings.
The strengths of our study include the clinically well-characterized, homogenous case groups. The overall study design excluded case infants with known chromosomal or singlegene defects, which can increase homogeneity and improve the opportunity to identify risk factors. Clinical geneticists' classification of case infants using pathogenetically uniform case definitions (Rasmussen et al.,2003 ) is a strength of the NBDPS. The NBDPS provides access to large sample sizes for most types of birth defects and standardized interviews reduce bias. Case and control mothers are asked to remember their exposures in a similar way. Although recall bias is always a concern in case-control studies, given the mostly negative findings of this study, we do not believe it substantially affected our risk estimates for maternal exposure to dietary caffeine.
Only two previous epidemiologic studies have examined the relationship between maternal consumption of caffeine or caffeinated beverages and the risks of the types of birth defects included in this study. In agreement with Werler et al. (1992) , we did not find an association between caffeinated coffee and risk of gastroschisis. We did not observe a protective effect for tea consumption and microtia as was reported in the abstract of a Chinese language report by Du et al. (2006) , however, the type of tea consumed, study population risk factors, and study design considerations may account for the discrepancy in these results. A previous study found that the effects of some risk factors for gastroschisis varied by maternal age (Werler et al.,2009 ). In our study, the aORs for total caffeine intake of 300+ mg/day and gastroschisis increased as maternal age increased but did not achieve statistical significance. This increase in the aORs may simply represent "modification by baseline risk" (Rothman et al.,2008) . Any effect of caffeine might be independent of maternal age but could be overshadowed by the high baseline risk (of unknown cause) among younger women. The findings of previous research led us to hypothesize that caffeine might act as a teratogen only in combination with other exposures (additive interaction). Our study does not provide evidence that caffeine potentiates a teratogenic effect of alcohol or vasoconstrictive medications. Nor did we observe a sex-specific effect or effect modification by maternal smoking or use of folic acid-containing supplements.
In summary, we observed relatively small elevations in effect estimates for total dietary caffeine or specific types of caffeinated beverages and anotia/microtia, esophageal atresia, small intestinal atresia, and craniosynostosis; however, dose-response patterns were absent. Periconceptional use of caffeine-containing medications was infrequent and estimates were imprecise. Thus, we did not find convincing evidence of an association between maternal caffeine consumption and the birth defects included in this study. The increasing popularity of caffeine-containing energy drinks and other caffeinated products may result in higher caffeine intake among women of childbearing age. Future studies should consider more detailed evaluation of such products.
CONCLUSION
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